and on coastal plain soils in the southeastern USA (Frederick et al., 1998).
T he ESPS (planting soybean in late March through age yield increases of 580 and 365 kg ha Ϫ1 , respectively, late April compared with planting in early May and and average increases in net return of $96 and $71 ha Ϫ1 , later) produces maximum yields in both nonirrigated respectively, from fall DT preceding nonirrigated soyand irrigated environments in the midsouthern USA bean production. In the Arkansas study, yields following (Heatherly, 1999a; Heatherly and Spurlock, 1999) . Deep fall DT were significantly greater than those from contillage (subsoiling) has enhanced dryland yields of both ventional tillage even though drought was not severe. ESPS and later soybean plantings on some clay soils in
The Mississippi study used estimated DT costs that were the midsouthern USA (Wesley and Smith, 1991; Wesley $17 to $20 ha Ϫ1 more than those for a treatment that et Heatherly and Spurlock, 2001 ; Popp received only ST (Յ10 cm). Heatherly and Spurlock (2001) and Heatherly et al. (2002) determined that net associated with DT were $29 to $42 ha Ϫ1 greater than the current situation pertaining to the use of GR soybean cultivars. those for a conventional ST system (fall tillage with a Glyphosate-resistant cultivars offer producers the disk harrow and/or a spring-tooth harrow) because of flexibility to control a broad spectrum of weeds in soyexpense associated with DT and one extra ST operation bean without crop safety concerns (Reddy, 2001b) . to smooth the soil surface following DT. In extremely Weed control cost is less, even when the higher cost for dry years (yield levels Ͻ 1000 kg ha Ϫ1 ), DT provided seed of most GR cultivars is considered (Reddy et al. , no yield or economic benefit (Heatherly et al., 2002) .
1999; Roberts et al., 1999; Webster et al., 1999 ; Reddy On a coastal plain loamy sand soil in South Carolina, and Whiting, 2000; Reddy, 2001a) . This translates to Frederick et al. (2001) measured a 12% yield increase increased profits if yields from GR cultivars are equal from DT compared with no DT (2415 vs. 2160 kg ha Ϫ1   ) or nearly equal to those from conventional cultivars just before May planting of soybean that was not ir- (Reddy and Whiting, 2000) . However, if yields of GR rigated.
cultivars are greatly below those of conventional cultiIn irrigated soybean production systems on the sandy vars, the cost advantage for a weed management prosoils of the southeastern USA, DT provided no yield gram with glyphosate will not result in greater net reor economic benefit (Camp and Sadler, 2002; Frederick turns (Webster et al., 1999 . Yields following irrigation without DT Research has shown that nonglyphosate PRE herbigreatly exceeded yields following DT and no irrigation.
cides do not adversely affect GR soybean (Gonzini et Unlike irrigation, use of DT will not guarantee alleviaal., 1999; Nelson and Renner, 1999; Webster et al., 1999 ; tion of water-deficit stress, especially when plantings Reddy, 2001a) . This means that residual herbicides can are made in May and later (Heatherly and Spurlock, be used on plantings of GR cultivars to prevent early-2001; Camp and Sadler, 2002; Heatherly et al., 2002) .
season weed competition in situations where a timely Therefore, in situations where irrigation is available and application of glyphosate is not possible (Corrigan and economical, DT may not be profitable. The economic Harvey, 2000) . Glyphosate applied at labeled use rates feasibility of replacing DT with irrigation in areas where does not affect GR soybean adversely (Nelson and Rensummer rainfall is deficient should be considered.
ner, 1999; Reddy et al., 2000; Elmore et al., 2001 ). Tillage system not only can affect growth of nonirriGlyphosate applied alone in a timely manner to GR gated soybean in ESPS plantings on clay soil in the soybean plantings needs no supplementation with nonmidsouthern USA (Heatherly and Spurlock, 2001 ), but glyphosate herbicides to achieve maximum weed control also weed management. Koskinen and McWhorter and yield (Gonzini et al., 1999; Webster et al., 1999; (1986) predicted increased populations of perennial and Corrigan and Harvey, 2000; Reddy and Whiting, 2000; biennial weeds from using reduced-tillage systems; thus, Reddy, 2001a) . All of these advantages should translate DT of clay soils could be considered for suppressing to a reduction in management decisions for producers problem perennial weeds such as redvine (Brunnichia related to weed control in soybean when GR cultivars ovata Walt.) and johnsongrass [Sorghum halepense (L.) are used. Pers.]. These tillage-related weed management concerns Clayey soils occupy more than 3.65 million ha, or may entail adopting different weed control strategies about 50% of the land area in the lower Mississippi for different tillage management systems used for soyRiver alluvial flood plain in the midsouthern USA. Of bean in the midsouthern USA.
these soils, Sharkey is the dominant series and comprises Many weed management systems (WMSs) provide about 1.2 million ha in the Mississippi River flood plain similar control levels, but cost differences can be large.
regions of Arkansas, Kentucky, Louisiana, Mississippi, Cost difference, coupled with yield differences among Missouri, and Tennessee (Pettry and Switzer, 1996) . The WMSs, can mean significant differences in net return effect of DT on yields from irrigated ESPS plantings among weed control systems (Poston et al., 1992; Heath- has been assumed to be nil, but weather patterns and erly Buhler et al., 1997; Johnson et recent observations in ESPS plantings in the midsouthal., 1997; Nelson and Renner, 1999; Webster et al., 1999;  ern USA region justify investigating the validity of this Reddy and Whiting, 2000; Reddy, 2001a) . Thus, effecassumption. Weed management strategies using PRE tive weed management programs that are economical and POST herbicides in irrigated ESPS plantings followfor a given production system must be determined to ing fall ST and DT have not been determined. The maximize profits.
objective of this work was to compare yields and ecoTraditionally, herbicides were tailored largely for nomic returns from irrigated GR and non-GR soybean crops rather than crops tailored to tolerate a specific grown under WMSs using PRE and POST applications herbicide. During the past decade, advances in biotechof herbicides in April plantings following fall ST and nology coupled with plant breeding have resulted in the DT. Economic analysis of 2 yr of results was conducted development of herbicide-resistant soybean cultivars.
to assess and compare the profitability of WMSs in the As of 2000, GR soybean represents all of the hectarage two tillage environments. planted to transgenic soybean (Reddy, 2001b) . Well over half of the U.S. soybean area is planted to GR MATERIALS AND METHODS soybean cultivars, with some states having more than two-thirds of their soybean area in GR soybean. Reddy related to an economically unattainable or unfeasible weedfree environment. Therefore, a weed-free check was not inCenter at Stoneville, MS (33Њ26Ј N). Adjacent experiments cluded. Finally, the intent was to have weed management receiving either fall ST or DT were established and maintained options that differ in cost. One way of doing this is to use for the duration of the study. Each year's experiment was PRE (based on expected weed infestations) vs. POST (based conducted in a randomized complete block design with four on actual weed infestations) herbicides in various combinareplicates. All experimental units remained in the same locations and GR and non-GR cultivars. Based on these premises, tion for the duration of the research.
WMSs were (i) GR cultivar with PRE nonglyphosate herbiIn late September or early October preceding each year's cides followed by one POST application of glyphosate timed experiment, appropriate areas were either deep-tilled at a 45Њ to control grasses, (ii) GR cultivar with two POST applications angle to the row direction with a chisel plow implement having of glyphosate timed to control both grasses and broadleaves, curved tines spaced 1 m apart or shallow-tilled using a disk (iii) GR cultivar with PRE nonglyphosate herbicides followed harrow and/or spring-tooth cultivator. The DT was done to by two POST applications of glyphosate timed to control both a depth of approximately 0.4 to 0.45 m. The last irrigation grasses and broadleaves, (iv) non-GR cultivar with PRE herbiapplication was made 4 wk or more before DT. Rainfall during cides followed by one POST application of a grass herbicide, the 30 d preceding DT was 74 mm in 1998 and 38 mm in 1999;
(v) non-GR cultivar with POST application of herbicides thus, the soil was relatively dry preceding each year's DT.
timed to control both grasses and broadleaves, and (vi) nonShallow tillage (two operations on ST and three on DT) with GR cultivar with PRE herbicides followed by POST applicaa disk harrow and/or a spring-tooth cultivator was conducted tions of herbicides timed to control both grasses and broadon both ST and DT after completion of DT operations to leaves. Weed control measures within each WMS across ST prepare a smooth seedbed for the next year's planting.
and DT were the same and were applied at the same time Weather data in Table 1 (Table 2) were broadcast-applied each year at lanon-GR half-siblings. Cultivars were chosen because of their beled rates with recommended adjuvants and in recommended consistent high performance on a large hectarage in the region. tank mixes. Pre-emergent herbicides were applied immedi-A plate planter with double-disk openers and closing wheels ately after planting each year. In each year, rainfall of at least to seal the seed trench was used. Seed were treated before 13 mm occurred within 10 d of each PRE application. Preplanting with mefenoxam {(R )-2-[2,6-(dimethylphenyl)-methoxyacetylamino]-propionic acid methyl ester} fungicide as a emergent herbicides and POST broadleaf herbicides were ap- plied in 187 L ha Ϫ1 water, whereas POST grass herbicides costs, but excluded charges for land, management, and general farm overhead, which were assumed to be the same for all and glyphosate were applied in 94 L ha Ϫ1 water. To prevent physical drift to adjacent plots, herbicides were applied using treatment combinations. Machinery ownership costs for tractors, self-propelled harvesters, implements, sprayers, and the a canopied sprayer (Ginn et al., 1998a) for over-the-top applications or a directed sprayer (Ginn et al., 1998b) for applicairrigation system were estimated by computing the annual capital recovery charge for each machine and applying its tions underneath the developing soybean canopy. Herbicides and application rates were premix of metribuzin [4-amino- per-hectare rate to each field operation. Operating expenses included those for: herbicides and adjuvants, seed, rollout 6-(1,1-dimethylethyl)-3-(methylthio)-1,2,4-triazin-5(4H )-one] at 450 g a.i. ha Ϫ1 plus chlorimuron ethyl {ethyl 2- [[[[(4-chloro- vinyl pipe used in irrigation, and labor; fuel, repair, and maintenance of machinery and irrigation system; hauling harvested 6-methoxypyrimidin-2-yl)amino]carbonyl]amino]sulfonyl]benzoate} at 75 g a.i. ha Ϫ1 applied PRE; premix of 560 g a.i. ha included an annualized cost for the engine, well, pump, gearhead, and land leveling. applied POST; and a tank mix of 2,4-DB [4-(2,4-dichlorophenoxy)butyric acid, dimethylamine salt] at 224 g a.i. ha Ϫ1 plus
The USDA loan rate of $0.20 kg Ϫ1 seed for Mississippi was used to calculate income from each experimental unit each linuron [3-(3, 4-dichlorophenyl)-1-methoxy-1-methylurea] at 560 g a.i. ha Ϫ1 applied POST as a directed spray underneath year. Net return above total specified expenses was determined for each experimental unit each year. Analysis of varithe soybean canopy.
Irrigation was started each year at or near beginning bloom ance [PROC MIXED (SAS Inst., 1996) ] was used to evaluate the significance of WMS and WMS ϫ tillage treatment effects and was continued until the full seed stage. Irrigation water was applied by the furrow method through gated rollout vinyl on weed cover, plant height, seed yield, and net return. Analyses across years treated year as a fixed effect to determine pipe whenever soil water potential at the 30-cm depth, as measured by tensiometers, decreased to about Ϫ50 kPa. Irrigainteractions involving year. Analyses for individual years treated WMS as a fixed effect. Mean separation was achieved tion amounts were dictated by the degree of cracking in this shrink-swell soil (cracks when dry, swells when wet) since with an LSD 0.05 . water applied to it through surface irrigation flows downward to the depth of cracking and rises to the surface as the cracks
RESULTS AND DISCUSSION
fill (Mitchell and van Genuchten, 1993 1992) . Total specified expenses were calculated using actual respectively, were incurred for PRE ϩ POST weed maninputs for each treatment in each year of the experiment and included all operating expenses and machinery ownership agement where POST applications were timed to con- years (data not shown). In 1999, fall tillage treatment significantly interacted with WMS to affect weed cover trol both grass and broadleaf weeds. Total estimated at soybean maturity. In ST, weed cover in the GR cultiexpenses from using DT were always greater (Table 3) .
var was less in the POST-only weed management treatTotal expenses associated with using GR and non-GR ment, whereas the opposite was true in the non-GR cultivars were similar because the greater cost for seed cultivar (Table 4) . In DT, all WMSs resulted in statistiof GR cultivars was offset by the cheaper glyphosate.
cally equal weed cover at maturity. In 2000, there was no clear-cut trend in WMS effect on weed cover; how-
Plant Height and Weed Cover
ever, the most intensive WMS (PRE ϩ POST timed for both grass and broadleaf control) resulted in the lowest Across-years analyses revealed significant interactions involving year and fall tillage and/or WMS for Table 5 . Plant height of and weed cover in irrigated glyphosateboth plant height and weed cover. Therefore, individual- been measured (Heatherly and Spurlock, 2001 ). Evi-
Plant
Weed dently, the DT treatment resulted in a more favorable
WMS † height cover
soil water environment for early-season growth before cm % irrigation initiation than did the ST treatment in this
irrigated study, and this aided in the suppression of
GR POST 85b 4b
weeds in DT compared with ST. This is supported by
results reported by Wesley and Smith (1991) .
Non-GR PRE ϩ POST (grass) 91a 9ab Non-GR POST 82b 14a
Weed management system was erratic in its effect on Non-GR PRE ϩ POST (grass ϩ broadleaf) 90a 3b soybean height. In 1999, fall tillage treatment signifi- † 1ϫ and 2ϫ indicate one or two applications of glyphosate, respectively.
cantly interacted with WMS to affect height. In ST,
For herbicides and their rates, see Table 2 .
height of soybean plants in POST-only weed manage- ‡ Values in individual columns that are followed by the same letter are not significantly different at p Յ 0.05.
ment was greater than that of plants in PRE ϩ POST numerical weed cover values in GR and non-GR cultiand net return. Therefore, results are reported as the vars (Table 5 ). The greatest weed cover at soybean average of 1999 and 2000 data (Table 7) . Tillage system maturity generally occurred in the WMSs with the shortdid not significantly interact with WMS to affect seed est soybean plants. Thus, soybean height and dense soyyield in this irrigated environment. Average yields from bean canopy in the DT environment acted to suppress DT and ST across 1999 and 2000 were 4286 and 4084 late-season weed flushes and overcome the possible delkg ha Ϫ1 . This 202 kg ha Ϫ1 average yield difference transeterious effect of a PRE herbicide.
lates to $40 ha Ϫ1 greater average income from DT (using Predominant weed species in each WMS in ST and $0.20 kg Ϫ1 seed), which is barely greater than the $38 DT are shown in Table 6 . In treatment combinations ha Ϫ1 greater average expense associated with DT that had Ͼ10% weed cover (Tables 4 and 5) , browntop (Table 3) . Thus, average net returns of $364 ha Ϫ1 and millet [Brachiaria ramosa (L.) Stapf; annual grass], red-$362 ha Ϫ1 from DT and ST, respectively, are nearly vine (perennial vine), and pitted morningglory (Ipoidentical. Weed management system significantly afmoea lacunosa L.; annual broadleaf) dominated. Johnfected yield. The non-GR cultivar outyielded the GR songrass, a dominant perennial grass in the region, cultivar regardless of weed management (4484, 4450, appeared only sporadically and in low densities (Table 6) . and 4512 kg ha Ϫ1 compared with 3777, 4078, and 3812 The increased presence of annual grasses (e.g., browntop kg ha Ϫ1 , respectively). This agrees with results from millet), perennial vines (e.g., redvine), and johnsongrass irrigated studies conducted by Webster et al. (1999) in was predicted by Koskinen and McWhorter (1986) for Arkansas and Heatherly et al. (2003) in Mississippi. The reduced-till systems used in soybean production. Howsignificant interaction resulted because the 4078 kg ha Ϫ1 ever, the 2-yr duration of our study was not long enough yield from the POST-only weed management of the GR to verify increases in these weeds.
cultivar was significantly greater than the 3777 and 3812 kg ha Ϫ1 yields from the PRE ϩ POST weed management
Seed Yield and Net Return
treatments, respectively, while the non-GR cultivar yields from all weed management treatments were not Analyses revealed that effect of fall tillage and WMS were consistent across the 2 yr for both soybean yield different. Therefore, POST-only weed management for GR cultivars resulted in the greatest yield while use of operation and ownership costs can be covered by the additional revenue. In this study, we have computed PRE ϩ POST or POST-only weed management with non-GR cultivars made no difference in yield.
returns above total costs. Thus, producers who already own a DT implement and large tractor (and are evaluatAverage net returns to ST and DT were $362 and $364 ha Ϫ1 , respectively (Table 7) . Weed management ing the short-term decision of whether or not to DT) should attempt to estimate the likely returns above their system significantly affected net return. Net returns from the non-GR cultivar exceeded those from the GR own operating costs. If equipment for DT is not on hand, the low response of irrigated soybean to DT of cultivar ($434, $440, and $391 ha Ϫ1 compared with $285, $370, and $260 ha Ϫ1 , respectively), but the difference Sharkey clay in this study indicates that over the long term, DT may not be justified. These results do not between GR and non-GR cultivars was smaller when POST-only weed management was used. Average net support the investment required to obtain the necessary equipment to deep-till soils that will be cropped to irrireturn from POST-only weed management exceeded that from weed management treatments that used gated soybean. Fall DT of Sharkey soil often results in soft soil that PRE ϩ POST weed management ($370 ha Ϫ1 vs. $285 and $260 ha Ϫ1 ) when the GR cultivar was used. When will not support equipment in the spring. This soft soil can delay planting past the intended early to mid-April the non-GR cultivar was used, POST-only net return exceeded that from PRE ϩ POST weed management dates. This should be considered in relation to the high yield expected from early planted, irrigated ESPS soywhen both grass and broadleaf POST herbicides were used. Consequently, total POST weed management bean and the potential for lost yield if planting is delayed (Heatherly, 1999a (Heatherly, , 1999b . If the normal two fall tillage strategies with both GR and non-GR cultivars provided the combination of the most profit with the least operations (disk harrow followed by disk harrow or field cultivator) used in ST in these studies are replaced by expense.
no-till systems, the resulting cost savings of $17 to $25 ha Ϫ1 will provide even more impetus to exclude DT CONCLUSIONS from consideration. Yield levels in this irrigated study were quite high Results from this 2-yr study lead to several conclu-(3570 to 4690 kg ha
Ϫ1
), response to DT was relatively sions. Taller soybean plants and less weed cover at harlow, and nonirrigated yields in the region are low vest were associated with DT compared with ST. Thus, (Heatherly, 1999a) . This leads to the conclusion that DT in the fall provided an environment that fostered any increased investment for soybean production in the increased growth during the soybean vegetative period, midsouthern USA should go toward enhancing irrigaand this increased growth resulted in reduced weed prestion capability where adequate water is available rather sure once soybean had matured. The long-term effect than increasing DT capability since the return on irrigaof taller plants in an irrigated DT environment on tion is much greater. changes in annual grasses and perennial vines as predicted by Koskinen and McWhorter (1986) cannot be surmised from these short-term results.
